ABSTRACT The objective was to determine effects of adding phytase, amylase, and a cocktail of non-starch polysaccharide-degrading enzymes (NSPase) individually or in combinations to corn-soybean meal-based diet for broilers on apparent ileal digestibility (AID) of nutrients and dietary AMEn value. Four hundred and eighty male broiler chicks were divided into 80 groups and fed 8 diets in a completely randomized design (10 groups/diet) from day 15 to 21 of age. The diets were basal diet unsupplemented or supplemented with phytase (1,500 FTU/kg; Ronozyme HiPhos), amylase (80 KNU/kg, Ronozyme HiStarch), and NSPase (75 g/metric ton, Ronozyme Multigrain) individually or in all possible combinations. The basal diet contained the phytase at 1,000 FTU/kg, and was formulated to meet the NRC (1994) recommended nutrient requirements for broiler chickens except for ME, Ca, and nonphytate P, which were reduced by 150 kcal/kg, 0.18%, and 0.15%, respectively. Addition of phytase to the basal diet increased (P < 0.05) AID of P from 40.4 to 59.3%. Addition of amylase, NSPase or a combination of amylase and NSPase to the phytase-supplemented basal diet further increased (P < 0.05) AID of P to 63.4, 69.9, and 67.3%, respectively. Addition of phytase, amylase or a combination of amylase and NSPase to the basal diet did not affect dietary AMEn value. However, addition of NSPase alone or a combination of phytase and amylase or of phytase and NSPase to the basal diet improved (P < 0.05) dietary AMEn value from 3,203 to 3,339, 3,309 or 3,289 kcal/kg, respectively. In conclusion, it is more beneficial (with regard to AID of P and dietary AMEn) to add amylase and NSPase to phytase-supplemented diets for broilers. Because the basal diet contained phytase at 1,000 FTU/kg, the increase in AID of P due to supplemental phytase (1,500 FTU/kg) indicates that supplemental phytase at 2,500 FTU/kg is more beneficial with regard to improving AID of P than supplemental phytase at 1,000 FTU/kg.
INTRODUCTION
Feedstuffs of plant origin including corn and soybean meal form the bulk of diets for poultry in North America. However, approximately two-thirds of P in the feedstuffs of plant origin is bound to phytic acid (Ravindran et al., 1995) . Phytic acid-bound P is poorly digested by poultry (Woyengo et al., 2010) . Also, phytic acid can bind to other nutrients including multivalent cations, amino acids, and starch, leading to their reduced availability for digestion and utilization by poultry (Selle et al., 2012; Woyengo and Nyachoti, 2013) . Apart from phytic acid, feedstuffs of plant origin contain non-starch polysaccharides (NSP) that are poorly digested by poultry and can reduce nutrient availability for digestion and utilization by C 2018 Poultry Science Association Inc. Received May 10, 2018. Accepted September 8, 2018. 1 Corresponding author: Tofuko.Woyengo@sdstate.edu encapsulation (Bedford and Schuzle, 1998; Slominski, 2011) . Finally, corn contains some resistant starch that is poorly digested by pancreatic amylase (Giuberti et al., 2015) . Thus, there is need to alleviate the negative effects of phytic acid and NSP, and to enhance digestibility of starch in diets for poultry.
The negative effects of phytic acid and NSP in diets for poultry can be alleviated through supplementation with phytase and non-starch polysaccharidedegrading enzymes (NSPases), respectively, whereas the digestibility of dietary cornstarch can be enhanced through supplementation with amylase. The effects of supplementing poultry diets with phytase and NSPases on nutrient digestibility and utilization have been determined and reviewed (Cowieson and Bedford, 2009; Adeola and Cowieson, 2011; Woyengo and Nyachoti 2011) . Supplementation of diets for poultry with phytase at higher levels (≥2,500 FTU/kg; super dose levels) than manufacturer recommended levels (500 to 1000 FTU/kg) has been shown to have more positive effects on nutrient digestibility and utilization by poultry (Cowieson et al., 2010) . However, there is limited information on the effect adding NSPases to diets that have been super dosed with phytase on nutrient digestibility and utilization by poultry. Also there is limited information on the effect of adding amylases to phytaseor NSPase-supplemented diets on nutrient digestibility and utilization by poultry. The objetive of this study was to determine the effects of increasing supplemental phytase level in corn-soybean meal-based diet from the recommended level (1,000 FTU/kg) to super dose level (2,500 FTU/kg), and of adding amylase and NSPase individually or in combination to phytase-supplemented corn-soybean meal-based diet for broilers on ileal digestibility and retention of energy and nutrients, and dietary AMEn value.
MATERIALS AND METHODS
Experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee at South Dakota State University (#15-111A).
Experimental Diets
Eight corn-soybean meal-based diets were fed in this study. The basal diet (Table 1) contained phytase at 1,000 FTU/kg, and was formulated to meet or exceed the NRC (1994) recommended nutrient requirements for broiler chickens except for ME, Ca, and nonphytate P, which were reduced by 150 kcal/kg, 0.18%, and 0.15%, respectively. The diets were basal diet unsupplemented or supplemented with phytase (at 1,500 FTU/kg), amylase (at 80 KNU/kg), and NSPase (at 75 g/metric ton) individually or in all possible combinations (Table 2 ). The phytase, amylase, and NSPase used were, respectively, Ronozyme HiPhos, Ronozyme HiStarch, and Ronozyme Multigrain from DSM Nutritional Products Inc. (Parsippany, NJ). The NSPase supplement supplied 203 IU of xylanase, 60 IU of cellulose, and 53 IU of β-glucanase per kilogram of diet. All experimental diets contained titanium dioxide (0.4%) as an indigestible marker, and were fed as mash. The enzymes were added to the diets using part of dietary corn as a carrier, and they did not replace any of ingredients that were used to make the complete diets.
Birds and Housing
A total of 480 one-day-old male broiler chicks of Cobb 500 strain were obtained from a commercial hatchery. The chicks were randomly distributed to 32 cages in electrically heated Petersime battery brooders (Petersime Incubator Co., Gettysburg, OH) so that each cage contained 15 birds. Room temperature and lighting were controlled to conform to programs recommended for this strain (Cobb, 2012) . Chicks were fed a drugfree commercial starter diet (3,050 kcal/kg ME, 22% CP, 1.00% Ca, and 0.45% non-phytate P) from day 1 to 14 of age. On day 14, birds were redistributed into 80 cages (6 birds/cage) and group-weighed.
The 8 experimental diets were fed from day 14 to 21 of age in a completely randomized design (10 cages per diet). Fresh water and feed were offered ad libitum throughout the experiment. On day 19 and 20, excreta samples were collected from each cage and stored frozen at -20
• C for later laboratory analyzes. On day 21, birds were euthanized via CO 2 asphyxiation, and contents of ileum were squeezed out and stored frozen at -20
• C for later laboratory analyzes.
Sample Preparation and Analyses
Daily excreta samples were pooled for each cage and air-dried in an oven at 60
• C for 4 d, whereas ileal digesta were freeze-dried. The dried excreta and ileal digesta samples together with diet samples were ground finely in a centrifugal mill (model ZM200; Retsch GmbH, Haan, Germany) through a 0.75-mm screen. Samples were analyzed for DM and N (N × 6.25 = CP). Samples were further analyzed as follows: diet for gross energy (GE), starch, Ca, P, and titanium contents, and for phytase, amylase and xylanase activities; ileal digesta for GE, starch, P, and titanium contents; and excreta for GE, CP, and titanium contents.
Samples were analyzed for DM (method 930.15) and CP (method 990.03) as per in AOAC (2007); for GE using an adiabatic bomb calorimeter (model 1261, Parr Instrument Co., Moline, IL), benzoic acid was used as a standard; and for starch using Autokit Glucose kit (Wako Pure Chemicals, Osaka, Japan). Titanium in samples was determined by spectrophotometry (model Spectra MAX 190, Molecular Devices, Sunnyvale, CA) at 408 nm after ashing at 525
• C for 10 h (Myers et al., 2004) . The assay for phytase, amylase, and xylanase activities in the diets was conducted by Biopract GmbH (Berlin, Germany). Phytase activity was determined as described by Gizzi et al. (2008) . Amylase activity was determined based on the assay of alpha-amylase using red-starch (S-RSTAR 03/06, Megazyme, Bray, Ireland). Xylanase activity was determined based on the Megazyme assay of endo-1,4-ß-Xylanase using AZOXylan from Birchwood (S-AXBP 10/07; Megazyme). Due to interference from dietary carbohydrates in many enzyme assays, only xylanase activity in NSPase was determined in the diets.
Calculations and Statistical Analysis
Apparent ileal digestibility (AID) of DM, GE, starch, CP, Ca, and P, and apparent retention DM, GE, and CP were calculated using the indicator method (Eq.
[2], Stein et al., 2007) :
The AMEn value for diets was calculated as described by Hill et al. (1960) .
Data were subjected to analysis of variance using the MIXED procedure (SAS Inst. Inc., Cary, NC) with cage as random term. Main effects of enzymes and their interactions were determined. Treatment means were separated by the probability of difference when the interactions were significant. To test the hypotheses, P < 0.05 was considered significant.
RESULTS
The analyzed CP, Ca, and P values in Table 3 were close to the calculated values in Table 1 . The basal diet had an average endogenous xylanase activity of 248 IU/kg. The addition of phytase, amylase, and xylanase enzymes in diets generally resulted in increased activities of the respective enzymes by margins similar to those that were anticipated except for Diet 3 whose phytase activity was increased by a much greater margin than anticipated after adding the phytase enzyme (Table 3) .
Effect of dietary treatment on AID measurements are presented in Table 4 . Addition of phytase to the basal diet increased (P < 0.05) AID of GE, CP and P, and tended to increase (P = 0.093) the AID of starch. There was an interaction (P < 0.001) between phytase and amylase on AID of GE such that the addition of amylase to basal diet or basal diet with phytase improved (P < 0.05) AID of GE, but the magnitude of improvement in AID of GE was greater when amylase was added to the basal diet than to basal diet with phytase. The AID of GE for the basal diet with phytase and amylase was greater (P < 0.05) than that of basal with phytase or amylase. Phytase and amylase interacted (P < 0.05) on AID of CP such that the addition of amylase to basal diet improved (P < 0.05) AID of CP, whereas the addition of amylase to phytase supplemented diet did not improve AID of CP. Phytase and amylase tended to interact (P = 0.076) on AID of P such that the addition of amylase to basal diet improved (P < 0.1) AID of P, whereas the addition of amylase to phytase supplemented diet did not improve AID of P. The AID of CP and P for the basal diet with phytase and amylase did not differ from that for basal with phytase or amylase. Addition of amylase to the basal diet increased (P < 0.05) AID of starch; however, amylase and phytase did not interact on AID of starch.
There was an interaction (P < 0.001) between phytase and NSPase on AID of GE and CP such that the supplementation of phytase and NSPase individually or in combination resulted in improved (P < 0.05) AID of GE and CP, but the improvement in AID of GE and CP due to supplementation of the combination of phytase and NSPase was greater than the sum total of improvements in the AID of GE and CP due to supplementation of phytase and NSPase individually. NSPase supplementation increased (P < 0.05) AID of starch and P; however, NSPase and phytase did not interact on AID of starch and P.
NSPase and amylase interacted (P < 0.05) on AID of GE such that the addition of NSPase to basal diet or basal diet with amylase improved (P < 0.05) AID of GE, but the magnitude of improvement in AID of GE was greater when NSPase was added to the basal diet than to basal diet with amylase. The AID of GE for the basal diet with NSPase and amylase was greater (P < 0.05) than that of basal with phytase or amylase. NSPase and amylase also interacted (P < 0.05) on AID of P such that the addition of NSPase to basal diet or basal diet with amylase improved (P < 0.05) AID of P, whereas the addition of NSPase to amaylase supplemented basal diet reduced (P < 0.05) AID of P. NSPase and amylase did not interact on AID of starch.
Effect of dietary treatment on apparent retention measurements and energy values are presented in Table 5 . Supplementation of phytase to the basal diet did not affect the apparent retention of GE, but improved (P < 0.05) the apparent retention of CP, and dietary AMEn value. Phytase and amylase tended to interact (P = 0.063) on apparent retention of CP such that supplementation of phytase and amylase individually did not result in improved apparent retention of CP, but supplementation of a combination of phytase and amylase improved (P < 0.1) apparent retention of CP. Phytase and amylase also tended to interact (P = 0.075) on dietary AMEn value such that supplementation of the basal diet with phytase or amylase did not affect the dietary AMEn value, whereas the supplementation of the basal diet with a combination of phytase and amylase improved (P < 0.05) the dietary AMEn value. There was an interaction (P < 0.05) between phytase and NSPase on apparent retention of CP and dietary AMEn value such that supplementation of NSPase to basal diet improved the apparent retention of CP and dietary AMEn value, whereas the addition of NSPase to phytase supplemented diet did not affect the apparent retention of CP and dietary AMEn value. NSPase and amylase did not interact on apparent retention of GE and CP, and dietary AMEn value.
DISCUSSION
Supplemental phytase increased AID of P, which was due to hydrolysis of phytate by the phytase to release phytate-bound P. Also, supplemental phytase increased AID of GE, CP, and starch. The increase in AID of GE by the supplemental phytase could partly have been due to increases in AID of CP and starch, which are some of the energy-yielding components in diets. Phytate can reduce the digestibility of energy-yielding nutrients such as protein and starch by binding to the nutrients or digestive enzymes (that are involved in the digestion of the nutrients), or both (Woyengo and Nyachoti, 2013) . Thus, the increase in AID of CP and starch by supplemental phytase could have been due to hydrolysis of phytate by phytase, leading to release of bound nutrients or digestive enzymes or both. Phytate has 6 phosphate groups through which it can bind dietary nutrients and endogenous secretions in the gastrointestinal tract, leading to reduced nutrient digestibility, and increased demand/secretion of digestive enzymes. The ability of phytate to bind the dietary nutrients and endogenous secretions can be completely eliminated if the phytate is completely hydrolyzed because partially hydrolyzed phytate products still have capacity to bind nutrients and endogenous secretions. The hydrolysis of phytate by phytase increased with an increase in phytase dosage (Beeson et al., 2017 ). In the current study, the basal diet contained phytase at 1,000 FTU/kg, which was within the range (500 to 1,000 FTU/kg) of poultry industry recommended dietary level of phytase, and phytase was supplemented to the basal diet at 1,500 FTU/kg. Thus, the increase in AID of GE, starch, CP, and P with the increase in dietary phytase to super dose level (2,500 FTU/kg) implies that the hydrolysis of phytate by phytase in poultry was not completed when phytase was supplemented at the recommended level (1,000 FTU/kg), and hence there are beneficial effects (with regard to phytate hydrolysis and nutrient digestibility) of increasing dietary phytase level to super dose levels. Manobhavan et al. (2016) and Beeson et al. (2017) also reported increased dietary nutrient digestibility in broilers due to an increase in dietary phytase from recommended levels to super dose levels.
Addition of amylase to the basal diet increased AID of starch, which was due to hydrolysis of starch by the supplemental amylase. Similarly, Gracia et al. (2003) reported increased AID of starch in broilers due to addition of amylase in diets. Amylase supplementation resulted in increased AID of GE, CP, and P in the current study. In corn grain, which was the source of starch in diets fed in the current study, starch granules are located within cells (endosperm cells), where they are embedded in matrix of protein and P (Robutti et al., 1974; Wu et al., 2010) . As previously mentioned, the basal diet contained phytase at 1,000 FTU/kg. Thus, the improved P and CP digestibilities by the supplemental amylase could be attributed to the fact that the degradation of starch by amylase resulted in increased accessibility of phytase to phytate-bound P and of endogenous proteases to protein (in the protein-P matrix) for digestion. The increased P digestibility by the supplemental amylase could also be partly attributed to the fact that the degradation of starch by amylase resulted in increased availability of non-phytate P (in the protein-P matrix) for absorption. The increased AID of GE due to the amylase supplementation was partly due to increased AID of starch and CP. Supplementation of amylase and phytase to the basal diet increased AID of GE, starch, CP, and P; and the AID of GE for diet with a combination of amylase and phytase was greater than the AID of GE values for diets that were supplemented with phytase and amylase individually. Because the basal diet contained phytase at 1,000 FTU/kg, the additive effects of supplemental phytase and amylase on AID of GE implies that the addition of amylase to diets with super doses of phytase may result in increased energy digestibility. However, it should be noted that the magnitude of improvement in AID of GE was less when amylase was added to the basal diet that contained 2,500 FTU/kg than when it was added to basal diet that contained phytase at 1,000 FTU/kg, implying that part of dietary GE whose digestibility was improved by amylase can also be improved by phytase when the latter is supplemented at super dose level. Mechanisms by which phytase and amylase may act additively to increase energy digestibility are not clear because AID of starch and CP values for diet with a combination of phytase and amylase were not greater than those for diet that were supplemented with phytase and amylase individually. The AID of P for the basal diet that contained amylase and phytase at 1,000 FTU/kg was greater than that for the basal diet that contained amylase and phytase at 2,500 FTU/kg, which was contrary to the expectation. It had been hypothesized that the AID of P for the basal diet that contained amylase and phytase at 2,500 FTU/kg would be greater than that for the basal diet that contained amylase and phytase at 1,000 FTU/kg because of the higher level of phytase in the former than in the latter. However, it should be noted that the analyzed phytase activity for the basal diet that contained amylase was 5 times greater than the expected activity, likely due to diet mixing error. Thus, the greater AID of P for the basal diet that contained amylase and phytase at 1,000 FTU/kg than that for the basal diet that contained amylase and phytase at 2,500 FTU/kg was due to the greater phytase activity in the former diet than in the latter diet, and it implies that the digestibility of P for corn-soybean meal-based diet for broilers can further be increased by increasing the level of supplemental phytase from 2,500 to >5,000 FTU/kg.
In cells of plants including corn and soybean that formed the bulk of diets fed in the current study, NSP are located within the cell wall matrix (Kim et al., 2005) , whereas the phytate is located in protein bodies within the cells (Prattley and Stanley, 1982) . Thus, it was hypothesized that NSPase and phytase can act additively or synergistically in improving nutrient digestibility because the NSPase can hydrolyze the NSP within the cell walls to increase the accessibility of phytase to phytate that is located within the cell for hydrolysis. Also, NSPase can hydrolyze some NSP to monosaccharides, which are easily digested in small intestine (Bedford and Schuzle, 1998) . Arabinoxylans and cellulose are the major NSP found in cell walls of corn grain (Jaworski et al., 2015) . In the current study, supplementation of the basal diet containing recommended level of phytase with NSPase that supplied xylanase and cellulase activities increased AID of GE, starch, CP, and P. The increase in AID of P due to addition of NSPase to basal diet that contained phytase implied that NSPase increased the availability of phytate to phytase for hydrolysis. The increase in AID of GE due to addition of NSPase to phytase-containing diet could be attributed to hydrolysis of some NSP to monosaccharides, and to release of cell wall-encapsulated energyyielding nutrients for digestion and absorption as evidenced increases in AID of starch and CP. Other studies have also reported additive or synergistic interactions between dietary phytase and NSPases on nutrient digestibility and utilization in poultry (Selle et al., 2003; Cowieson and Bedford, 2009; Woyengo et al., 2010) . However, there is limited information on the effect of adding NSPase to diets containing super dose levels of phytase on nutrient digestibility and utilization. In the current study, supplementation of NSPase and phytase to basal diet that contained phytase at recommended level resulted in a synergistic improvement in AID of GE, and CP. Thus, NSPase had greater positive effects on nutrient digestibility when it was added to diet with high level of phytase than recommended level of phytase, implying that the positive effects of NSPase with regard to improving dietary nutrient digestibility and utilization can be enhanced by supplementing it in combination with phytase at super dose level. The AID of P for the basal diet that contained NSPase, amylase, and phytase at 1,000 FTU/kg was lower than that of the basal diet that contained amylase and phytase at 1,000 FTU/kg likely because of the higher phytase activity in the latter diet.
Supplementation of the basal diet containing phytase at 1,000 FTU/kg with combination of amylase and NSPase resulted in a greater increase in AID of GE than supplementation of the basal diet that contained phytase at 1,000 FTU/kg with amylase and NSPase individually. These additive effects of amylase and NSPase on AID of GE could be attributed hydrolysis of some NSP to monosaccharides by the NSPase and to increased availability of cell wall encapsulated starch for hydrolysis by the supplemental amylase. Woyengo et al. (2010) similarly observed increased nutrient digestibility in broilers due to supplementation of phytase-containing corn-soybean meal-based diet with multi-carbohydrase enzyme that supplied xylanase, cellulase, and amylase activities. However, the magnitude of improvement in AID of GE was greater when NSPase was supplemented alone than when it was combined with amylase, implying that part of dietary GE whose digestibility was improved by NSPase can also be improved by amylase. An increase in level of phytase from 1,000 to 2,500 FTU/kg in the diet that was supplemented with combination of amylase and NSPase did not result in a further increase in AID of GE and reason for this not clear.
Supplementation of NSPase alone or in a combination of phytase improved apparent retention of CP and dietary AMEn value. However, supplementation of phytase alone did not improve apparent retention of CP and dietary AMEn value. Because supplementation of phytase and NSPase individually or in combination improved the AID of GE and CP, the improvement in the apparent retention of CP and dietary AMEn by NSPase alone or in combination with phytase could not be attributed to the increased the AID GE and CP by the same supplement, but to hydrolysis of some of the NSP by NSPase in small intestine to oligosaccharides that were readily fermentable in hindgut of broilers. Woyengo et al. (2010) have also reported increased AMEn values of corn-soybean meal-based diets for broilers due to dietary inclusion of NSPase that supplied xylanase, cellulase, and β-glucanase activities. Supplementation of a combination of phytase at super dose level and amylase improved the dietary AMEn value, which could have been due to the greater AID of GE for diet that contained phytase at super dose level and amylase than for the diet that contained phytase alone at 1,000 FTU/kg or for diet that contained phytase at 1,000 FTU/kg and amylase.
In conclusion, supplementation of phytase, amylase, and NSPase individually or in all possible combinations resulted in improved ileal digestibility of GE, starch, and P, implying that the enzyme products tested in the current study improved nutrient utilization. Supplementation of a combination of NSPase and amylase, NSPase and phytase, or phytase and amylase resulted in greater ileal digestibility of GE than supplementation of NPase and amylase, NSPase and phytase, or phytase and amylase individually, implying that there it is more beneficial (with regard to ileal digestibility of energy and protein) to supplement these enzyme products to broiler diets in various combinations than individually. Supplementation of NSPase alone or in combination with phytase resulted in improved dietary AMEn values, implying that supplemental NSPase product used in the current study has an additional beneficial effect with regard to improving the dietary energy value. Also, because the basal diet contained phytase at the recommended level (1,000 FTU/kg), the increase in ileal energy, protein, and P digestibilities due to supplemental phytase (that resulted in an increase of dietary phytase to super dose level) indicates that supplementation of phytase at super dose levels is more beneficial with regard to improving ileal digestibility of energy, protein, and P than supplementation of phytase at the industry recommended level.
